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ABSTRACT 


The  objective  of  this  program  has  been  to  investigate  rf  interaction 
circuits  and  stagger-tuning  techniques  leading  to  at  least  a  fifty  percent 
improvement  in  the  1  db  bandwidth  of  high-power  klystrons  over  the  current 
state-of-the-art . 

In  this  report,  the  findings  of  the  final  phase  of  thiB  contract  are 
presented.  The  major  part  of  the  effort  during  this  final  reporting  period 
included:  the  conviction  of  large-signal  efficiency  calculations  across 
the  band  assuming  a  filter-loaded  output  resonator,  the  final  theoretical 
design  of  the  buncher  section,  theoretical  stability  calculations  on  the 
filter-loaded  output  resonator,  and  cold  test  measurements  on  a  filter- 
loaded  extended-interaction  resonator. 

The  measured  interaction  impedance  obtained  with  the  cold-test  filter- 
loaded  output  resonator  closely  approximated  the  impedance  assumed  in  the 
theoretical  efficiency  calculations.  The  final  buncher  section,  designed 
with  the  aid  of  the  small-signal  computer  program,  yielded  a  nearly  constant 
rf  drive  current  to  the  output  resonator,  as  was  assumed  in  the  large-signal 
efficiency  calculations.  The  small-signal  analysis  indicated  that  conven¬ 
tional  single-gap  resonators  are  to  be  preferred  over  extended-interaction 
resonators  in  the  klystron  buncher  section  at  the  high  power  level  con¬ 
sidered  in  this  study. 

The  combined  results  of  the  small-signal  analyses,  the  large-signal 
analyses,  and  the  cold  test  measurements  carried  out  during  this  contract 
show  the  feasibility  of  building  a  5  megawatt  peak-power  C-bsnd  klystron 


ii 


amplifier  with  a  14  percent  1  &b  bandwidth,  with  a  predicted  efficiency 
of  nearly  50  percent,  and  with  a  predicted  gain  of  more  than  30  db.  The 
only  element  of  the  final  klystron  model  which  is  not  conventionally  found 
in  klystron  amplifiers  is  the  filter-loaded  two-gap  extended-interaction 
output  resonator. 


* 
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FOREWORD 

This  document  is  a  report  of  the  work  performed  on  Contract  DA  2O-OI43 
AMC-01362(E)  during  the  final  period. 

The  program  was  carried  out  in  the  High  Power  Microwave  Tube  Laboratory. 
The  principal  engineers  were  Erling  Lien,  who  served  as  project  leader.,  and 
Darrell  Robinson.  Another  major  contributor  during  the  final  period  was 
Marta  Perry  (mathematician). 

Sponsorship  ana  direction  of  the  program  were  from  the  U.S.  Army 
Electronics  Command,  Fort  Monmouth,  New  Jersey.  The  assigned  Army  Project 
Engineer  was  Park  Richmond. 
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The  objective  of  this  program  has  been  to  investigate  rf  Interaction 
circuits  and  stagger-tuning  techniques  leading  to  at  least  a  fifty  percent 
improvement  in  the  1  db  bandwidth  of  high-pover  klystrons  over  the  current 
state-of-the-art.  The  possible  :oetho&B  by  which  this  objective  might  be 
met  were  studied  both  theoretically  and  with  cold  testing.  The  cold  test 
measurements  provided  a  basis  for  the  values  of  the  parameters  used  '  the 
latest  theoretical  calculations. 

A  design  exasqale  of  a  5  megawatt  C-band  klystron  was  chosen  for  the 
. in vi  stigation.  Design  goals  for  this  tube  included  a  lk  percent  1  db 
bandwidth,  a  mluimum  saturated  gain  of  35  db,  and  a  minimum  efficiency  of 
■35  percent.  All  tube  parameters  were  chosen  to  be  consistent  with  present 
day  tube  techniques.  The  values  of  the  klystron  parameters  originally 
chosen  for  the  calculations  were  listed  in  Section  I  of  the  First  Quarterly 
Report.  These  parameters  were  altered  only  slightly  during  the  course  of 
the  contract  (See  Section  III,  Part  B  of  this  report  for  the  two  changes 
that  were  made). 

The  study  of  the  example  klystron  was  divided  into  two  general  areas: 
the  buncher  section  and  the  output  resonator.  Considered  for  use  in  the 
buncher  section  were  conventional  single-gap  resonators,  and  two-gap  «-mode 
and  2k -mode  extended-  nteraction  resonators.  Candidates  for  the  output 
resonator  included  the  conventional  resonators,  the  two-gap  extended-inter- 
action  resonators,  and  filter- loaded  versions  of  these  same  types.  By  the 
end  of  the  previous  quarter  the  choice  of  buncher  resonators  had  been 
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narrowed  to  either  conventional  single-gap  resonators  or  n -mode  extended- 
interaction  resonators.  A  two-gap  n-mode  resonator  with  single-section 
filter  loading  was  selected  for  the  klystron  output.  The  reasons  for 
these  choices  were  given  In  the  preceding  quarterly  reports. 

During  the  present  reporting  period,  large-signal  efficiency  calcula¬ 
tions  were  completed  on  a  .t  -mode  filter-loaded  output  resonator  at  a  num¬ 
ber  of  frequencies  across  the  band.  Once  the  large-signal  analysis  was 
complete,  showing  that  the  rf  current  from  the  buncher  section  should  be 
nearly  constant  with  frequency,  the  design  of  the  buncher  section  was 
finalized.  The  characteristics  of  the  filter-loaded  resonator  were  studied 
in  more  detail  both  theoretically  and  in  cold  test.  The  theoretical  study 
was  concerned  primarily  with  the  resonator  stability.  The  progress  in 
each  area  of  investigation  is  discussed  in  the  sections  following.  At  the 
end  of  the  report  some  conclusions  are  drawn  from  the  findings  of  this 
contract,  and  recommendations  for  future  work  are  presented. 


ft. 
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II.  LARGE-SIGNAL  ANALYSIS  OF  THE  OUTPUT  REGION 


Introduction 

During  the  previous  quarter,  a  number  of  different  types  of 
output  resonators  were  analyzed  for  their  large-signal  p  'rformance 
at  the  center  of  the  band.  These  included  single-gap  resonators 
and  two-gap  extended-interaction  resonators  operating  in  either  the 
n  mode  or  the  2n  mode.  It  was  seen  that  a  jt-mode  resonator  with  a 
normalized  gap-to-gap  spacing  of  approximately  2.2  radians  gave 
the  best  results  at  the  loading  required  to  yield  a  11  percent  1  db 
bandwidth.  It  was  further  shown  that  the  addition  of  a  single-sec¬ 
tion  filter  to  the  output  resonator  substantially  .raised  its  inter¬ 
action  impedance  and  also  the  output  efficiency. 

During  the  period  covered  by  this  report,  the  investigation  of 
the  large-signal  behavior  of  the  klystron  has  been  extended  to  cover 
the  entire  operating  frequency  band.  In  view  of  the  results  from 
the  previous  quarter,  the  output  resonator  chosen  for  the  klystron 
model  was  a  two-gap  n-ir.ode  extended-interaction  resonator  with  single 
section  filter  loading.  Its  large-signal  operation  was  studied  at 
five  different  frequencies:  the  center  of  the  band,  at  the  two  band 
edges  (where  both  the  frequency  and  the  resonator  impedance  phase 
angle  have  their  extreme  values),  and  at  the  two  frequencies  where 
the  real  part  of  the  resonator  impedance  is  a  maximum.  The  details 
of  this  analysis  and  the  results  are  discussed  in  this  section. 


B.  RF  Beam  Current  from  the  Buncher  Section 


It  was  shown  in  the  Third  Quarterly  Report  that  the  equation 
used  to  compute  the  output  conversion  efficiency  in  the  large-signal 
computer  program  can  be  written  in  the  following  form: 


where : 

M 

I 

o 

Z 

o 

Z 

(Z) 

0 


normalized  induced  current  magnitude  in  the  output 
resonator 

dc  beam  impedance 

output  resonator  interaction  impedance 
real  part  of  Z 

output  resonator  impedance  phase  angle 


In  order  for  the  output  power  variation  to  be  lass  than  1  db 
across  the  band,  the  output  resonator  impedance  and  the  rf  current 
driving  the  resonator  must  be  tailored  until 


Initially,  it  was  assumed  that  the  best  way  to  achieve  this 
goal  would  be  to  have  an  output  resonator  whose  impedance  was  sym¬ 
metrical  about  the  center  ol  the  band,  and  to  have  the  induced  rf 


-  4  - 


fe 


cvurrent  in  that  resonator  as  constant  as  possible  at  each  frequency. 

It  was  further  assumed  that  the  induced  current  would  be  nearly  con¬ 
stant  if  the  rf  current  driving  the  resonator  was  constant,  (it  was 
expected  that  there  would  be  some  change  in  the  current  induced  at 
different  frequencies  by  a  constant  drive  current  due  to  changes  in 
the  beam  remodulation  within  the  output  resonator.  That  this  is  true 
will  be  shown  later.)  Accordingly,  at  each  frequency  where  the  large- 
signal  behavior  of  the  buncher  was  studied,  the  voltage  on  the  pre- 
penultimate  resonator  (the  first  resonator  analyzed)  was  adjusted 
until  the  signal  level  at  the  position  of  the  output  resonator  simu¬ 
lated  saturation  conditions,  and  the  value  of  the  rf  beam  current 
at  that  location  was  essentially  constant.  In  each  case,  the  volt¬ 
ages  on  the  penultimate  resonators  were  chosen  to  make  the  resulting 
penultimate  impedances  consistent  with  the  assumed  operating  frequency 
and  resonator  detuning.  Curves  have  already  been  presented  in  pre¬ 
vious  reports  showing  the  fundamental  component  of  the  rf  beam  cur¬ 
rent  in  the  output  region  of  the  tube  at  the  band  center  and  at  the 
band  edges.  The  curves  for  the  other  two  frequencies  investigated 
are  similar.  The  results  for  all  five  frequencies  are  summarized  in 
Table  I  below.  is  the  normalized  fundamental  component  of 

the  rf  current  from  the  buncher  at  the  center  of  the  output  resonator. 
The  values  of  0^  and  are  the  normalized  rf  voltages  on  the  two 
gaps  of  the  extended-interaction  prepenultimate  resonator;  Ct :  and 
are  the  voltages  on  the  penultimate  resonator  gaps. 
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table  t 


Normalized 

Frequency 

£ii 

1 

0 

a3 

a4 

0.93 

1.42 

.20 

.173 

-226 

0.99 

1.39 

cc 

VT 

•  175 

.234 

1.0 

l.4l 

.15 

.21 

.30 

1.05 

1.4o 

.095 

•257 

.446 

1.07 

1.47 

.07 

.276 

.565 

As  seen,  the  rf  drive  | 1^| /xq  is  approximately  constant  over  the 
band. 

It  should  be  noted  that  at  each  new  frequency,  all  tube  parame¬ 
ters  which  are  normalised  to  frequency  were  adjusted.  The  correc¬ 
tions  involved  the  normalized  gap  parameters,  normalized  axial  dis¬ 
tance,  and  the  space-charge  wave  reduction  factor. 

C .  Output  Resonator  Model. 

The  results  presented  in  Sections  IV  and  V  of  the  Third  Quarterly 
Report  indicated  that,  from  an  efficiency  standpoint,  the  best  output 
resonator  for  the  tube  model  under  study  is  a  «-mode  extended-inter¬ 
action  resonator  with  filter  loading.  This  is  the  type  of  resonator 
which  has  been  assumed  in  the  large-signal  calculations  across  the 
band.  (We  have  restricted  the  number  of  gaps  in  the  extended-inter¬ 
action  resonator  to  two,  and  have  considered  only  single -sect! on  fil¬ 
ters  in  our  study. )  The  normalized  gap-to-gap  spacing  chosen  for  the 
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two-gap  resonator  was  2.2  radians,  which  is  near  the  optimum  value 
at  the  loading  required  to  achieve  a  1^4  percent  1  db  bandwidth. 

For  the  purpose  of  finding  the  resonator  impedance  as  a  func¬ 
tion  of  frequency,  we  have  chosen  to  represent  the  two-gap  filter- 
loaded  structure  by  the  same  two-mesh  equivalent  circuit  that  wan 
used  in  the  earlier  analysis  of  double-tuned  buncher  resonators  (See 
Fig.  7  of  the  Second  Quarterly  Report).  The  two-gap  resonator  is 
assumed  to  be  replaced  by  a  single  circuit  whose  frequency,  Q,  and 
R/Q  are  equal  to  the  respective  quar titieB  of  the  overall  two-gap 
resonator  in  the  n  mode.  The  second  mesh  of  the  equivalent  circuit 
represents  the  filter  cavity.  It  is  felt  that  the  single-mesh  repre¬ 
sentation  of  the  two-gap  resonator  is  valid  as  long  as  the  separation 
between  the  tvo  resonator  modes  is  sufficient  to  assure  negligible 
excitation  of  the  non-operating  mode.  (This  condition  is  satisfied 
in  the  cold  teat  structures  on  which  measurements  have  been  made.) 

As  a  check  on  the  validity  of  this  assumption,  the  resonator  inqied- 
ance  predicted  by  the  two-mesh  circuit  was  compared  with  the  imped¬ 
ance  predicted  by  the  more  exact  three-mesh  equivalent  circuit  being 
used  in  the  investigation  of  resonator  stability  (See  Section  IV  of 
this  report).  The  agreement  was  good. 

For  the  calculation  of  the  large-signal  behavior  of  the  output 
resonator,  its  axial  electric  field  was  assumed  to  be  a  single-period 
sinusoidal  field.  (The  large-signal  program  at  present  allows  only 
constant,  sinusoidal,  or  cosinusoidal  gap  fields.  To  use  the  actual 
gap  field  in  the  calculations  would  require  a  major  modification  of 
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the  program.)  This  assumed  field  model  has  heen  compared  with  the 
actual  field  on  the  axis  of  the  resonator  (obtained  by  perturbation 
methods).  The  two  fields  are  almost  identical  except  near  the  ends 
of  the  resonator,  where  tha  actual  field  tapers  off  more  gradually 
than  the  sinusoidal  field.  Calculations  performed  to  evaluate  the 
effect  of  this  d'fference  indicate  that  the  efficiency  obtained  with 
the  real  resonator  may  be  from  one  to  four  percent  lower  than  the 
efficiencies  computed  with  the  sinusoidal  field. 

D.  Output  Efficiency  Across  the  Band 

The  rf  beam  current  obtained  from  the  large-signal  analysis  of 
the  buncher  section,  summarized  in  Table  I,  was  used  to  drive  a  tvo- 
gap  n-mode  filter-loaded  output  resonator.  Some  of  the  general  as¬ 
pects  of  the  output  resonator  model  have  been  described  above.  The 
particular  impedance  vs.  frequency  curve  assumed  in  the  calculations 
is  shown  in  Figs.  1,  and  3  in  which  the  real  part,  magnitude,  and 
phase  angle  of  the  impedance  are  plotted,  respectively.  The  resona¬ 
tor  parameters  are  listed  on  the  figures.  As  before,  the  subscript 
1  refers  to  the  resonator  coupled  to  the  beam  while  the  subscript  2 
refers  to  the  filter  cavity. 

The  resulting  output  conversion  efficiency  computed  at  each 
frequency  is  listed  in  Table  II. 

The  values  of  normalized  efficiency  from  the  table  are  plotted 
vs.  frequence  in  Fig.  h.  For  comparison,  the  real  part  of  the  reso¬ 
nator  Interaction  impedance,  normalized  to  the  maximum-value,  is 
also  plotted  in  the  figure. 
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ai  part  of  the  interaction  impedance  of  a  filter-loaded 
sonator  (theoretical). 


Im3-  2  -  Filter-loaded  output  resonator  interaction  impedance  magnitude 
(theoretical) , 


TABLE  II 


Normalized 

Frequency 

0)/o) 

1  0 

Efficiency, 

T| 

T] 

liax 

0.93 

47. 5^ 

•  90 

0.95 

49.2$ 

•  99 

1.00 

44.8$ 

•  90 

1.05 

49.6$ 

1.00 

1.07 

42.1$ 

.85 

Since  the  frequencies  at  which  the  efficiency  was  computed, 
represent  the  extreme  points  of  both  the  real  part  of  the  impedance 
and  trie  impedance  phase  angle,  it  is  expected  that  the  efficiency  at 
frequencies  between  the  points  jf  calculation  will  lie  on  a  smooth 
curve  between  the  points.  Thus,  with  constant  beam  power,  the  varia¬ 
tion  of  the  rf  output  power  will  be  less  than  1  db  across  the  entixe 
band  for  the  case  illustrated.  The  results  presented  here  demonstrate 
the  feasibility  of  obtaining  a  lit  percent  1  db  bandwidth  at  a  good 
efficiency  level.  This  feasibility  is,  of  course,  contingent  on  the 
ability  to  obtain  a  constant  rf  drive  current  from  the  buncher  across 
the  band  and  an  output  resonator  intei'action  impedance  curve  similar 
to  the  one  assumed.  These  latter  considerations  will  be  discussed 
more  in  the  sections  to  follow. 

Referring  to  Fig.  4,  the  fact  that  the  points  of  normalized 
efficiency  lie  above  the  curve  of  normalized  impedance  at  the  low 
end  of  the  band,  whereas  the  rf  drive  current  to  the  output  resonator 
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i.6  actually  lower  at  that  end  of  the  bund,  is  on  indication  of 
the  decrease  in  the  beam  remodulation  within  the  output  resonator 
as  the  frequency  increases.  The  quantitative  aBpectB  of  this  phe¬ 
nomenon  are  illustrated  graphically  in  Figs.  5,  6,  and  7-  The 
normalized  fundamental  rf  beam  current  is  plotted  as  a  function  of 
normalized  distance  at  three  different  frequencies.  The  dashed 
curves  show  the  rf  current  from  ^he  buncher  section  with  zero  volt¬ 
age  on  the  output  resonator;  the  solid  curves  show  the  current  with 
the  output  resonator  present.  It  is  seen  that  there  1b  a  consider¬ 
able  demodulation  of  the  beam  at  the  low  end  of  the  band,  a  small 
amount  of  remodulation  at  the  center  of  the  band,  and  a  net  demodu¬ 
lation  of  the  beam  at  the  high  end  of  the  band.  This  general  be¬ 
havior  was  anticipated  from  the  small-signal  analysis  of  extended- 
interaction  resonators,  but  the  actual  magnitude  of  the  change  In 
the  beam  remodulation  with  frequency  was  not  known  until  the  large- 
signal  calculations  had  been  performed. 
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III.  SMALL-SIGNAL  ANALYSIS  OF  THE  BUBCHER  SECTION 

A.  Introduction 

In  the  previous  section  It  vas  shown  that  an  output  power  varia¬ 
tion  of  less  than  1  db  can  be  obtained  over  a  14  percent  range  of 
frequencies  with  the  particular  output  resonator  assumed,  provided 
the  rf  current  driving  that  resonator  1b  approximately  constant 
across  the  band.  The  large-signal  analysis,  in  which  that  rf  drive 
current  was  nearly  constant,  was  started  at  the  fourth  (prepenulti¬ 
mate)  resonator  of  the  tube  rather  than  at  the  input.  It  is  natural 
to  question  whether  or  not,  starting  from  the  input  resonator,  a 
reasonable  buncher  section  can  be  designed  which  will  provide  the 
desired  rf  current  to  the  output  resonator.  The  small-signal  com¬ 
puter  program  was  used  to  answer  this  question,  (it  would  have  been 
costly  and  time  consuming  to  have  carried  out  the  large-signal 
analysis  from  the  input  of  the  tube  at  all  five  frequencies  investi¬ 
gated.  This  is  because  of  the  nature  of  the  large-signal  computer 
program,  in  which  the  klystron  is  analyzed  one  resonator  at  a  time 
in  a  sequential  manner.) 

It  will  be  seen  in  this  section  that  it  is  possible  to  design 
a  buncher  with  a  small-signal  gain  variation  of  less  than  1  db  over  a 
l4  percent  bandwidth,  with  a  gain  level  of  about  36  db,  and  with 
reasonable  power  dissipation  in  the  loads  of  the  externally-loaded 
resonators.  In  addition,  the  small-signal  rf  voltages  and  currents 
of  this  buncher  are  compared  with  the  large-signal  voltages  and 
currents  from  the  previous  section. 
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B,  Snail-Signal  Gain-Bandwidth  Responses 

Some  small-signal  gain  and  phage  vs.  frequency  responses  of 
the  klystron  buncher  section  have  been  presented  In  earlier  reports 
of  this  contract.  These  responses  were  not  presented  as  finalized, 
but  only  to  illustrate  the  feasibility  of  obtaining  a  reasonably 
flat  gain  over  a  14  percent  bandwidth,  and  at  a  reasonable  gain 
level.  Final  refinement  of  the  buncher  section  was  postponed  until 
the  results  of  the  large-signal  analysis  could  be  used  to  more 
closely  define  the  desired  buncher  characteristics.  Once  these 
results  were  known  (that  the  rf  drive  current  to  the  output  reso¬ 
nator  should  be  nearly  constant  across  the  band)  the  theoretical 
development  of  the  buncher  section  was  resumed. 

1.  Buncher a  With  Only  Conventional  Resonators 

The  klystron  model  used  for  the  latest  calculations  on 
buncher  sections  containing  only  conventional  single-gap  reso¬ 
nators  is  shown  in  Fig.  8.  This  is  the  same  model  that  was 
used  in  the  earlier  calculations  with  the  following  exceptions 
(See  pages  70  and  Y4  of  the  First  Quarterly  Report):  the  tube 
length  was  increased  slightly  to  eliminate  a  gain  zero  near 
the  high  end  of  the  band.,  the  r/Q  values  used  were  based  on 
cold  test  information,  and  the  output  resonator  was  changed, 
to  a  a -mode  resonator  to  be  consistent  with  the  large-signal 
analysis.  In  addition,  the  assumed  normalized  length  oi  each 
interaction  gap  was  changed  fron  1.0  to  l.£  radians.  Other- 
vise  all  the  tube  parameters  were  the  same  as  listed  in 
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Section  I  of  the  First  Quarterly  Report. 

As  before,  in  order  to  eliminate  the  small-signal  response 
of  the  output  resonator  from  the  calculations  and  thus  obtain  a 
true  picture  of  the  response  of  the  buncher  section  only^,  the  Q 
of  the  output  resonator  was  sot  equal  to  unity.  Hie  overall 
impedance  of  the  resonator  was,  however,  maintained  equal  to 
the  correct  value  (which  for  the  latest  calculations  wbb  the 
Impedance  of  the  filter-loaded  resonator  assumed  in  the  large- 
signal  analysis). 

Hie  gain  vs.  frequency  response  of  one  conventional- reso¬ 
nator  buncher  section  whose  small-signal  gain  Is  flat  within 
1  db  over  the  14  percent  band  is  shown  In  Fig.  9.  The  tuning 
and  total  Q  of  each  resonator  is  indicated  along  the  bottom  of 
the  figure.  The  first  four  resonators  are  assumed  to  be  ex¬ 
ternally  loaded  while  the  penultimate  resonators  are  loaded 
only  by  the  beam  (Qg  *  13^  for  all.  the  buncher  resonators). 
Calculations  showing  the  power  dissipation  in  the  resonator 
loads  to  be  reasonable  are  included  later  in  thiB  section. 

The  phase  vs.  frequency  response  of  this  buncher,  not  including 
the  linear  variation  due  to  the  beam  transit  time,  is  shown  In 
Fig.  10. 

The  results  displayed  in  these  two  figures  illustrate  the 
feasibility  of  producing  a  klystron  which  has  a  saturated  gain 
of  over  30  db  across  a  14  percent  band,  and  which  contains 
only  conventional  resonators.  In  part  C  of  this  section  the 
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characteristlcc  of  the  particular  buncher  presented  above 
will  he  related  to  the  characteristics  assumed  in  the  large- 
signal  analysis. 

Bunchers  With  Extended-Interaction  Resonators 

Small-signal  gain  and  phase  vs.  frequency  calculations 
veje  also  performed  on  huncher  sections  in  which  the  first 
four  resonators  of  Pig.  8  were  replaced  by  two-gap  * -mode 
extended-interaction  resonators,  lhe  earliest  gain-bandwidth 
calculations,  presented  in  the  First  Quarterly  Report,  sug¬ 
gested  that  this  type  of  huncher  is  superior  to  conventional- 
resonator  bunchers.  But  these  preliminary  calculations  were 
done  before  the  computer  program  had  been  modified  to  account 
for  the  frequency  variation  of  the  parameters  (e.g.,  coupling 
coefficients  and  beam-loading  conductance).  In  addition,  the 
assumed  values  of  R/Q  were  considerably  higher  than  have  been 
obtained  in  cold  test. 

In  the  latest  gain-bandwidth  calculations,  it  has  not 
been  possible  to  obtain  as  good  a  performance  from  extended- 
interaction-resonator  bunchers  as  from  conventional-cavity 
bunchers.  A  typical  gain  vs,  frequency  curve  obtained  is 
plotted  in  Pig.  11.  The  model  used  for  this  calculation  is 
shown  in  Fig.  12.  The  R/Q  values  used  for  the  second,  third, 
and  fourth  resonators  are  based  on  cold-test  measurements  (See 
the  Second  and  Third  Quarterly  Reports).  The  R/Q  value  of 
the  input  resonator,  lower  because  of  its  greater  length,  was 
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Fig.  11  -  Computed  gain  vs.  frequency  response  of  the  WLystron  model  shown 


estimated.  The  last  three  resonators  of  the  model  are  the 
same  as  in.  Fig,  8. 

It  is  apparent  that  the  gain  curve  of  Fig.  11  is  not  as 
desirable  as  the  gain  curve  of  Fig.  9  and.,  by  comparison,  is 
not  acceptable.  Various  other  combinations  of  resonator  spac- 
ings,  tunings,  and  Q* s  were  tried  with  extended-interaction 
bunchers,  bur  in  no  case  tried  could  a  flat  gain  resp  >nse  be 
obtained.  Furthermore,  in  no  case  tried  was  the  gain  level 
appreciably  higher  than  in  Fig.  9> 

It  is  believed  that  the  explanation  for  the  poorer  per¬ 
formance  of  these  bunehers  lies  mainly  in  the  rapid  frequency 
variation  of  the  coupling  coefficients  and  beam  loading  of  the 
extended-interaction  resonators  combined  with  the  fact  that 
their  R/Q  values  are  only  a  little  greater  than  those  of  the 
conventional  resonators.  Bie  relatively  lew  values  of  R/Q, 
are  a  result  of  a  number  of  factors.  For  one,  in  this  con¬ 
tract  we  have  restricted  ourselves  to  single-mode  extended- 
interaction  resonators.  In  order  to  assure  single-mode  opera¬ 
tion,  the  resonator  cold  bandwidth  must  be  large,  with  a  con¬ 
sequent  sacrifice  In  the  R/Q.  Another  factor  in  the  low  R/Q, 

1 s  the  rather  large  drift  tube  diameter  to  resonator  diameter 
ratio.  This  ratio  in  turn  was  determined  by  the  chosen  power 
level,  frequency,  and  the  reasonable  values  assumed  for  the 
beam  perveance,  beam  area  convergence  ratio,  and  beam  diameter 
to  drift,  tube  diameter  ratio. 
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In  view  of  our  findings  to  date,  we  conclude  that  con¬ 
ventional  resonators  are  to  he  preferred  In  the  huncher  sec¬ 
tion  at  this  power  level  and  frequency.  It  should  be  pointed 
out  that  this  conclusion  does  not  necessarily  hold  at  lower 
power  levels  and/or  lower  frequencies.  Hor  would  it  neces¬ 
sarily  hold  if  mode  overlapping  were  allowed  and  made  use  of  in 
the  extended-interaction  resonators. 

C.  Comparisons  Between  the  Small-Signal  and  Large-Signal  Analyses 

The  results  of  the  large-signal  analysis,  presented  in  Section 
II,  showed  that  if  a  filter-loaded  output  resonator  is  to  be  used, 
the  rf  drive  current  to  that  resonator  should  be  approximately  con¬ 
stant  across  the  hand.  Starting  at  the  fourth  (prepenultimate) 
resonator  of  the  tube  model  (lig.  8),  the  large-signal  analysis 
also  demonstrated  the  possibility  of  obtaining  a  constant  satura¬ 
tion-level  rf  current  at  the  output  resonator  at  each  frequency. 

The  small-signal  computer  program  was  used  to  study  the  buncher 
Bection  from  the  input.  In  part  F  of  this  section  a  buncher  re¬ 
sponse  was  presented  showing  nearly  constant  small- signal  gain 
across  the  band.  Since  constant  bunch? :  gain,  combined  with  con¬ 
stant  input  power,  implies  constant  drive  current  to  the  output 
resonator,  both  the  large-signal  and  small-signal  calculations  of 
the  overall  buncher  response  are  in  close  agreement.  However,  be¬ 
cause  the  large-signal  computations  were  begun  at  the  fourth  reso¬ 
nator  of  the  tube,  instead  of  at  the  input,  a  more  detailed  com¬ 
parison  wan  made  between  the  results  of  the  two  analyses. 
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(1516  reason  for  starting  the  large-signal  analysis  at  the 
fourth  resonator  of  the  tube  lies  in  the  nature  of  the  large- 
signal  computer  program,  The  program  does  not  confute  the  imped¬ 
ance  of  each  resonator  from  input  values  of  Q,  r/q,  and  resonator 
tuning.  Rather,  the  basic  input  quantities  to  the  program  are 
the  bean  parameters  and  the  location,  field  form,  and  rf  voltage 
(magnitude  and  phase  angle)  of  each  interaction  gap.  The  program 
then  calculates  the  rf  beam  current  as  a  function  of  distance  and, 
at  each  gap,  the  induced  rf  current,  impedance,  and  conversion  effi¬ 
ciency.  If  the  calculated  impedance  at  any  gap  is  incorrect,  the 
assumed  value  of  gap  voltage  magnitude  and/or  phase  angle  must  be 
adjusted  to  correct  the  impedance.  The  proper  voltage  for  any  one 
gap  can  usually  be  estimated  very  closely  provided  the  rf  beam  cur¬ 
rent  arriving  from  the  preceding  gaps  is  known.  For  this  reason, 
the  tube  is  usually  analyzed  one  resonator  at  a  time,  in.  sequence. 

It  is  therefore  te  costly  and  time  consuming  to  analyze  a  com¬ 
plete  seven-cavity  tube  with  this  computer  program,  especially  at 
many  different  frequencies.  A  new  large-signal  computer  program 
which  will  automatically  iterate  the  gap  impedances  is  under  develop¬ 
ment,  hut  is  not  yet  complete.  The  large -Bign&l  analysis  was  there¬ 
fore  begun  at  the  cavity  .immediately  preceding  the  two  penultimate 
resonators. ) 

The  comparison  between  the  two  analyses  was  carried  out  by 
looking  at  the  rf  currents  and  gap  voltages  from  the  two  computer 
programs.  The  large-signal  currents  and  voltages  from  Section  II 
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wer<  coTfipared  with  the  email-signal  currents  and  voltages  from 
the  buncher  section  of  Fig,  9,  It  would  not  be  expected  that  the 
magnitudes  of  these  voltages  and  currents  from  the  two  program 
would  be  the  same,  but  it  is  reasonable  to  assume  that  the  manner 
in  which  they  vary  with  frequency  should  be  similar. 

The  large-signal  rf  gap  voltages  and  the  rf  current  driving 
the  output  resonator  were  listed  in  Table  I,  page  6.  The  small- 
signal  gap  voltages  for  the  buncher  of  Fig.  9  are  plotted  as  a 
function  of  frequency  in  Fig.  13*  The  small-signal  rf  currents 
at  the  entrance  to  each  resonator  are  Bhown  in  Fig.  it.  (The  in¬ 
put  current  to  the  first  resonator  was  equal  to  unity  at  all  fre¬ 
quencies  . ) 

An  examination  of  Fig.  It  shows  that  the  current  at  the  out¬ 
put  resonator  from  the  small-signal  program  is  constant  within  a 
few  percent  over  the  band,  as  it  was  in  the  large-signal  case. 

The  two  currents  are  compared  more  directly  in  Fig.  15  where  they 
are  plotted  normalized,  separately  in  each  program,  to  the  value 
at  the  center  of  the  band.  The  choice  of  the  normalization  fre¬ 
quency  was  arbitrary.  In  both  cases,  the  current  varies  less  than 
five  percent  from  the  value  at  the  center  of  the  band. 

t 

One  important  difference  between  the  small-signal  and  large- 
signal  currents  was  revealed  by  the  comparison  between  the  two 
analyses.  For  the  purpose  of  the  large-signal  calculations,  the 
rf  current  at  the  fourth  resonator  was  assumed  to  be  zero.  An 
inspection  of  the  current  at  the  fourth  resonator  in  the  small-signal 
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Fig*  15  -■  HF  beam  current  at  the  output  resonator. 


calculations  (Fig,  14)  indicates  that  this  assumption  was  reason¬ 
able  at  the  high  end  of  the  band  but  is  questionable  at  the  low 
end  of  the  band. 

To  evaluate  the  error  introduced  into  the  original  output 
efficiency  calculations  by  this  assumption,  the  large-signal  c co¬ 
pulations  were  repeated  at  the  low  end  of  the  band  starting  from 
the  third  resonator.  The  entire  analysis  was  performed  in  Just 
two  computer  runs,  rather  than  one  resonator  at  a  time  as  1e  usually 
done.  All  four  buncher  resonators  were  analyzed  in  the  first  com¬ 
puter  run  by  choosing  the  two  penultimate  voltages  to  be  the  same 
os  before,  and  setting  the  voltages  on  the  third  and  fourth  reso¬ 
nators  to  be  in  the  same  ratio  to  the  first  penultimate  voltage  as 
.they  were  in  the  small-signal  case  under  comparison.  The  output 
resonator  was  added  in  the  second  computer  run,  which  started  from 
data  stored  in  the  first  run.  Also,  to  be  consistent  with  the 
small-signal  case,  the  fourth  resonator  was  assumed  to  be  a  single- 
gap  resonator  instead  of  the  two-gap  extended-interaction  resonator 
used  previously.  The  results  of  this  new  analysis  are  displayed  in 
Fig.  16  (Bee  Fig.  5,  page  15  for  comparison).  As  can  be  seen,  the 
rf  beam  current  driving  the  output  resonator  is  lower  than  before, 
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center  of  the  resonator  gap  rather  than  slightly  in  front  of  it  as 
in  the  previous  case.  Furthermore,  the  resulting  ispedaace  values 
for  the  two  penultimate  resonators  are  slightly  high  (indicated  on 
the  figure  by  the  lower  values  of  detuning).  To  correct  the 
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ispe&tmcee,  the  penultimate  gap  voltages  should  be  levered  which 
in  turn  would  further  lower  the  rf  beam  current  beyond  the  penul¬ 
timate  ays  tern.  However,  because  the  beam  is  not  completely  bunched 
at  the  output  resonator  gap,  there  is  a  greater  remodulation  of  the 
beum  within  the  resonator  than  before.  The  output  conversion  effi¬ 
ciency  in  this  new  case  is  49.8  percent,  which  1b  higher  than  the 
former  value  of  47.5  percent  at  this  frequency.  Had  the  penultimate 
impedance  values  been  corrected,  the  new  value  of  efficiency  would 
have  been  lower  and  probably  closer  to  the  previous  value. 

From  the  outcome  of  this  last  analysis,  it  is  apparent  that 
only  a  small  error  was  introduced  at  the  low  end  of  the  band  by 
starting  the  large-signal  calculations  at  the  fourth  resonator, 
rather  than  at  the  third  or  an  earlier  resonator.  In  addition,  since 
the  assumption  of  zero  rf  current  at  the  fourth  resonator  is  most 
seriously  violated  at  the  lower  band  edge,  it  is  reasonable  to  assume 
that  the  efficiency  values  computed  at  the  other  frequencies  would 
not  have  been  significantly  different  had  the  large- signal  analysis 
been  started  at  an  earlier  resonator.  We  feel  therefore  that  the 
efficiency-bandwidth  conclusions  reached  in  Section  II  are  valid. 


Power  Dissipation  in  the  Buncher  Loads 


J  bLUVUVi  1U-DVUU 


onators  would  have  to  be  externally 


loaded  to  achieve  the  Q  values  assumed  in  the  small -signal  analysis. 
The  power  dissipated  in  the  loads  of  these  resonators  can  be  calcu- 


(3) 


P  „  i  Ivlf _ 

L  2  TW)  % 


Where 

Y  *  rf  gap  voltage 

R/Q  ««  resonator  impedance  quality  factor 
*  external  Q 

Tie  highest  power  dissipation  will  he  in  the  loads  of  the  third 
and  fourth,  resonators  where  the  gup  voltages  are  the  highest.  The 
curves  of  Fig.  13  show  that  the  gap  voltages  on  these  resonators  are 
a  maximum  at  the  lower  hand  edge.  This  is  the  frequency  at  which 
the  power  calculations  were  performed.  The  actual  gap  voltages  used 
in  the  calculations  were  obtained  from  the  large-signal  analysis 
(See  Fig.  16).  The  pertinent  quantities  are  listed  in  Table  III 
below. 


TABLE  III 


Resonator 

Number 

S* 

S: 

r/q 

a-M 

>0 

3 

30 

134 

39 

no 

.18 

4 

40 

134 

57 

no 

.13 

If  these  numbers  are  substituted  into  Eq.  (3),  the  average 
power  dissipated  in  the  loads  during  the  time  the  beam  i c  on  Is 
obtained.  For  the  third  resonator,  this  power  turns  out  to  be  'Jh  kW^ 
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find,  for  the  fourth  resonator,  2o  kW .  If  the  tube  were  operated 
at  a  pulse  duty  factor  of  0.01,  the  average  power  dissipated  in 
the  loads  of  these  resonators  would  be  740  watts  and  260  wattB, 
respectively-. 

The  beam  voltage  and  beam  current  assumed  in  both  the  large- 
signal  and  a  mall-signal  analyses  were  140  kY  and  105  A.  The  cor¬ 
responding  peak  beam  power  is  1.4.7  MW.  At  an  efficiency  of  48 
percent,  the  peak  rf  output  power  would  be  approximately  7  MW  and, 
at  the  duty  factor  of  0.01,  the  average  rf  power  would  be  70  kW. 

The  maximum  power  dissipated  in  any  one  buncher  load  would  be  less 
than  one  kilowatt,  which  is  not  unreasonably  high  for  a  tube  of  this 
power  level.  The  maximum  total  power  dissipated  in  the  buncher  loads 
would  be  about  1.5  percent  of  the  rf  output  power.  In  view  of  these 
results,  we  believe  that  the  conventional-resonator  buncher  described 
in  this  report  is  a  practical  one. 


IY.  STABILITY  OF  TOO- GAP  FILTER- LOADED  KBBOHATOEB 

A.  Introduction 

In  order  to  theoretically  investigate  the  stability  of  the 
tvo-gap  filter- loaded,  output  resonators  studied  in  this  program,  it 
was  necessary  to  develop  a  new  method  for  calculating  the  stability 
of  extended-interaction  resonators.  The  theoretical  basin  for  the 
method  is  presented  in  this  section  in  term  valid  for  extended-inter¬ 
action  resonators  having  any  number  of  interaction  gaps  and  any  num¬ 
ber  of  sections  in  tne  filter  load.  The  application  of  this  method 
to  a  two-gap  s-mode  output  resonator  with  a  single- section  filter  1b 
described.  The  degree  of  stability  of  the  resonator  in  each  of  its 
main  modes  was  calculated  at  a  number  of  tram  voltages  from  50  kV 
to  140  kY.  Hie  results  show  that  the  resonator  is  stable  over  the 
range  of  voltages  investigated. 

S.  Stability  Criterion 

•  f4m>  fVAHVlfcW  +  4  o']  evwv  tfnArl  /5  *■*-*-  a  »w»»4  +V  a  -+  — V.  Jt  "1  M  X.. 

***'-  ^  ^  *>'**  wi  X  vwa.  U«^S4  X  V*  U.V-  ifVlUU.Ui.Uf5  MiO  <3  OOUXXi  UJT 

of  a  resonator  is  expressed  by 

Ge  +  Gc  >  0  '  W 

where  G  is  the  small-signal  beam  loading  conductance  and  G  is  the 
®  c 

total  equivalent  circuit  conductance  of  the  resonator.  The  ci Lcula- 
tirxa  of  Gg  can  be  readily  performed  by  using  Eq.  (43)  in  the  First 
Quarterly  Report  provided  the  gap  voltage  distribution  and  the  oscil¬ 
lation  frequency  are  known.  IDbds  1b  normally  the  case  for  hlgh-Q 
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single-mode  resonators.  For  a  heavily  loaded  resonator  with  a 
filter  output,  neither  the  gap  voltage  distribution  or  the  likely 
oscillation  frequencies  are  known.  We  shall,  therefore,  use  a  *ore 
general  approach  in  the  following  analysis  which  does  not  require  a 
previous  knowledge  of  the  oscillation  frequency  and  the  gap  voltage 
distribution  in  the  resonator. 

The  analysis  is  based  upon  Eq.  (57)  in  the  First  Quarterly 
Report. 


*e 


+  Y 


y 


(5) 


Equation  (5)  gives  the  gap  voltages,  expressed  by  the  gap  voltage 
vector  V,  for  a  given  rf  Modulation  of  the  beaa  entering  the  resona¬ 
tor.  Y  and  Y  are  the  electronic  and  circuit  Interaction  matrices. 
~e  ~c 

The  rf  modulation  on  the  beaa  is  characterized  by  an  rf  current  I 
and  a  kinetic  voltage  U.  For  convenience  the  rf  beaa  parameters  are 
expressed  in  terms  of  the  current  and  the  kinetic  voltage  at  the 
position  where  the  current  is  maximum.  It  should  be  noted  that  the 
maximum  value  of  the  rf  beaa  current  3^  always  occurs  at  the  same 
position  as  the  minimum  value  of  the  kinetic  voltage  n .  As  will 

be  apparent  in  the  next  paragraph,  the  definitions  of  the  matrices 
and  —  are  not  important  in  the  following  discussion.  The  reader 
is  therefore  referred  to  the  First  Quarterly  Report  for  the  defini¬ 
tion  of  these  matrices. 

In  the  stability  calculations,  we  are  interested  in  the  response 
of  the  resonator  to  the  dc  beam.  In  this  case,  the  rf  current  modu¬ 
lation  I  and  the  kinetic  voltage  U,  of  the  primary  beam  are 
max  min 
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equal,  to  zero.  By  introducing  I  y  =  U^n  -  0  into  Eq.  (5)  we 
get 


The  derivation  of  Eq.  (5)  was  Based  upon  a  linear  small-signal 
theory.  Saturation  effects  are  not  described  by  the  equation. 
Therefore,  once  the  resonator  has  been  excited,  the  conditions  of 
stability  or  instability  are  characterized  by  an  exponential  decrease 
01  increase  in  the  amplitude  of  the  gap  voltage  vector  V  with  time. 

<*v 

This  behavior  is  described  mathematically  by  using  the  concept  of 
complex  frequency 

=  (X>'  +  jcr  ^  (7) 

where  both  of  and  a  are  real.  The  resonator  system  is  stable  when 
a  >  0  and  is  unstable  when  a  <  0. 

The  complex  frequqnej''  is  a  standard  concept  used  in  circuit 
analysis.  The  required  modification  of  the  circuit  matrix  is  obtained 
simply  by  substituting  the  complex  frequency  for  the  real  frequency. 
The  direct  substitution  of  frequencies  is  not  directly  valid  in  the 
electronic  admittance  matrix.  The  use  of  the  complex  frequency  in 
the  electronic  interaction  equations  affects  the  space-charge  reduc¬ 
tion  factor  and  the  gap  coupling  coefficient.  The  standard  deriva¬ 
tion  of  these  two  parameters  is  based  upon  a  real  frequency  (steady 
state  condition).  In  order  to  use  the  standard  space-charge  reduc¬ 
tion  factor  and  the  beam  coupling  coefficient,  we  shall  restrict  the 


analyses  to  cases  where  the  voltage  amplitude  is  slowly  varying 

with  time  (ct  <  <  <n).  This  is  not  a  severe  restriction  since  we 

are  primarily  interested  in  the  sign  of  cr. 

Equation  (6)  represents  a  set  of  linear  homogenous  equations 

in  the  gap  voltages  V  .  In  order  that  V  be  non-zero,  the  admittance 

P  *** 

determinant  must  vanish. 

Ue+ic|  ’  °  (8) 

Equation  (8)  gives  the  characteristic  complex  frequencies  of  the 
'resonator  with  the  beam  present  and  is  the  basic  equation  for  the 
stability  calculation, 

C.  Circuit  Matrix 

The  equivalent  circuit  used  to  represent  the  n-mode  single¬ 
section  filter-loaded  resonator  is  shown  in  Fig,  17. 

Referring  to  the  figure  it  is  assumed  that  the  beam  interacts 
with  the  two  first  cavities,  while  the  third  cavity  represents  the 
loaded  filter.  The  three  resonator  cells  are  coupled  inductively  by 
the  coupling  inductances  LQ1  and  L^.  The  circuit  admittance  matrix 
in  Eq.  (8)  is  defined  by  the  relation 


I 


Y 

~c 


iy; 


where  1^  and  axe  the  induced  current  and  gap  voltage  vectors  repre¬ 
sented  by  the  column  vectors 


-  1+2  - 


- 

—  — 

V1 

1 

*2 

and  V  - 

V2 

0 

1 

> 

_i 

The  elements  in  the  circuit  admittance  matrix  arc  found  by  applying 
Kirchhoff's  laws  to  each  mesh  in  the  equivalent  circuit. 

In  the  detailed  derivation  of  the  circuit  admittance  matrix  we 
assumed  that  the  reactive  components  in  the  two  first  cells  are  identi¬ 
cal:  and  =  C^.  The  expression  used  in  the  calculations  of 

the  gap  voltages  was 


V 

P 


C  (I  -i  ) 
P  P  P 


i 

P 


(11) 


which  implies  that  the  induced  currents  are  neglected  compared  with 
the  loop  currents. 

D.  Electronic  Admittance  Matrix 

The  beam  interacts  with  only  two  of  the  three  cells  in  the 
equivalent  circuit  of  Fig.  17 . 


e.l 


0 


Y  = 


Y 

e> 


C. 


0 


0 


0 


(12) 


where  Y  is  the  electronic  beam  loading  admittance  for  the  p-th 
e  jP 

interaction  gap  and  Xr  is  the  transfer  admittance  between  the  first 

2  >1 

and  second  gaps.  We  are  assuming  that  the  two  interaction  gaps  have 
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identical  geometry;  thexefure 


e,l 


-  I 

e 


(13) 


Tte  beam  loading  admittance  Y^  is  in  general  cosplex.  However,  the 
susceptive  part  of  the  admittance  remits  only  in  a  negligible  de¬ 
tuning  of  the  resonator  and  is  neglected  in  the  stability  calcula¬ 
tions.  We  shall  therefore  replace  the  bean  loading  admittance  by 
the  beam  loading  conductance  0^.  Therefore, 


0  0  0 


The  transfer  admittance  Y^  ^  and  the  beam  loading  conductance  can 
be  derived  from  Eqs.  (l9)  and  (43)  in  the  First  Quarterly  Report. 
Selection  of  the  Values  of  the  Components  In  the  Equivalent  Circuit 
In  the  calculations  of  the  output  efficiency  described  in  the 
Third  Quarterly  Report,  the  filter-loaded  two-gap  extended-interaction 
output  resonator  was  represented  by  the  same  two-aesh  equivalent  cir-- 
cuit  used  for  a  filter-loaded  single-gap  output  resonator.  This  was 
a  reasonable  assumption  since,  as  long  as  it  is  operating  in  a  single 
■ode,  an  extended- interact! on  resonator  can  be  represented  by  the  same 
equivalent  circuit  used  to  represent  a  single-gap  cavity.  The  values 
of  the  components  of  the  more  complete  equivalent  circuit  of  Fig.  17 
required  for  the  stability  calculations  must  be  selected  to  yield  the 
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Game  frequency  variation  of  the  interaction  impedance  as  for  the 
simplified  circuit  described  above. 

Since  the  beam-circuit  Interaction  takes  place  only  In  the  two 
first  resonator  gaps,  the  definition  of  the  interaction  impedance 
will  be  based  upon  the  drive  current  and  voltages  in  these  two  gaps 
alone.  We  shall  assume  that  we  have  pure  jt-mode  excitation  currents 
and  gap  voltages. 

A  general  combination  of  the  gap  voltages  V^,  and  and 

induced  currents  I,  and  I  can  be  expressed  by  the  vector  equations. 
-L  d 


V  =  V  e  +  V0  e0  +  V0  e, 
~  n ~jt  2n  ~2n  3  ~3 


I  =  I  e  +  I 
~  K  ~n  2k  ~2it 


where  V  ,  V_  ,  I  and  I  are  the  complex  amplitudes  of  the  n-  and 
K  2K  K  2K 

2n~mode  voltage  and  current  modes,  e  and  e  are  the  unit  vectors 
for  the  n  mode  and  the  2x  mode  defined  by: 


e  =  ±  -1 

\/2 

0 


^  is  the  unit  vector  for  the  gap  voltage  in  the  third  resonator  cell 
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(19) 


e 

~3 


1 


Vc  shall  define  the  n  mode  interaction 


impedance  Z 


by: 


Z 

x 


(20) 


Die  gap  voltages  can  be  expressed,  in  terms  of  the  Induced  current 
by  (9) 


V 


Z 


J*wC 


I 


(21) 


where  Z^  is  the  circuit  impedance  matrix. 

The  unit  rectors  are  orthogonal  and  V  can  be  found  from 


V 

x 


e  V 

X  ~ 


(22) 


where  e  io  the  transpose  of  the  unit  vector  e  . 
ji  ' 

Fron  Eqs*  (20),  (21 ),  and.  (22)  we  obtain 


e  2$ 
X  ~c 


I  e 
X  —X 


I 

X 


e  Z  e 
x  ~c~x 


(23) 


This  impedance  Z*  as  predicted  by  the  e  .ui  valent  circuit  of 
Fig-  17  was  compared  with  the  impedance  Z^  predicted  by  the  two-mesh 
circuit  used  in  the  efficiency  calculations.  In  order  to  perform  the 
comparison,  it  was  necessary  to  relate  the  two  different  Impedance 


-  kj  - 


1400 


Fig.  18  -  Filter-loaded  output  resonator  interaction  Impedance  as  predicted 
by  two  different  equivalent  circuits. 


Filter-loaded,  output  resonator  interaction  impedance  as  predicted 
by  two  different  equivalent  circuits. 


SYMBOLS 


DESCRIPTION 


Two-Kesh  Circuit 

Three-Mesh  Circuit 

0> 

o 

0) 

0 

Band-center  frequency 

0) 

% 

Two-gap  resonator  * -mode  frequency 

%  / 

“3 

Filter  cavity  frequency 

-  ( 

Uncoupled  frequency  of  cavity  #1 

S. 

— 

xc-mode  Q  of  two- gap  resonator 

— 

CL 

X 

Q,  of  cavity  #1 

S 

Filter  cavity  Q, 

{R/Q)! 

— 

Overall  r/q  of  two-gap  resonator  in 
*  mode 

•- 

(rAO-l 

R/Q  of  cavity  $1  defined  at  numode 
frequency  (=  1/2  n-mode  r/q  of  the 
two-gap  resonator) 

(B/<4)2 

(r/q)3 

Filter  cavity  R/Q 

Lo 

L02 

Coupling  inductance  between  filter 
cavity  and  two- gap  resonator 

— 

V 

Coupling  inductance  between  cavity 
#1  and  cavity  $2 

— 

Equivalent  Inductance  of  two-gap 
resonator  at  n-mode  frequency 

-- 

Inductance  of  cavity  $1 

TABLE  IY 

Description  of  the  notations  used,  in  Fig.  l8„ 
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used  to  deteraine  the  complex  characteristic  frequencies  of  the  cir¬ 
cuit  1b  transcendental.  This  1b  due  to  the  fact  that  the  elements 
of  the  electronic  matrix  contain  exponential  and  trigonometric  func¬ 
tions  of  the  frequency.  The  roots  of  the  equation  must  therefore  be 

I 

found,  numerically.  This  was  done  by  computing  the  value  of  the  de-  ■ 

terainunt  as  a  function  of  the  complex  frequency  on  a  digital  computer, 

The  complex  frequency  range  where  the  roots  would  most  likely  be  found  1 

was  scanned  using  gradually  smaller  frequency  steps  until  the  rootB  I 

were  located  with  the  desired  accuracy. 

The  overall  Q-factor  of  each  mode  can  he  found  from  its  complex 
resonant  frequency.  The  Q-factor  is  given  byx 


Q 


co' 

2a 


(25) 


This  definition  is  based  upon  the  rate  of  decay  of  the  energy  stored 
in  the  resonator.  In  cases  where  the  resonant  frequencies  are  close, 
the  Q  of  a  mode  cannot  be  directly  related  to  itB  response  bandwidth. 

As  tl  -•  beam  loading  in  the  resonator*  becomes  more  negative,  the 
overall  Q-factor  will  increase  and  eventually  become  negative  at  the 
point  where  the  resonator  breaks  into  oscillation. 

From  the  knowledge  of  the  overall  Q- fact or a  with  and  without  the 
beam  present  we  can  Judge  how  close  the  resonator  is  to  breaking  into 
OBCiUation.  We  shall  define  a  stability  parameter  S  by: 


^D.F.  Tuttle,  "Metwork  Synthesis,"  John  Wiley  and  Sons,  Inc.,  1958, 
Vol.  1,  p.  716. 
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lil  1  tun  .  •  . . .  ‘  I 


(2b) 


1 


q; 

V. 


In  Eq.  (26),  Q  is  the  Q-factor  of  the  resonator  without  the  beam 
present  and  is  the  Q-factor  with  the  beum  present. 

Positive  values  of  S  indicate  the  presence  of  positive  beam  load¬ 
ing.  Under  these  circumstances,  the  effective  resonator  circuit  load¬ 
ing  cam  be  decreased  to  aero  without  initiating  oscillation,  negative 
values  of  S  indicate  that  negative  beam  loading  is  present.  In  this 
case  the  numerical  value  of  S  indicates  the  factor  by  which  the  Q- value 
of  the  circuit  could  be  increased  before  oscillation  begins.  Values 
of  S  in  the  range  -1  <  S  <  0  indicate  that  the  resonator  is  unstable. 

Computations  were  performed  for  beam  voltages  between  50  kV  and 
140  kV.  The  results  are  listed  on  Table  V.  The  three  characteristic 
modes  of  the  resonator  are  identified  by  numbers  between  1  and  3  ac¬ 
cording  to  decreasing  values  of  the  real  part  of  the  characteristic 
frequency.  Mode  1  is  close  in  frequency  to  the  2n  mode,  and  mode  2 
is  close  to  the  *  mode,  of  the  unloaded  two-gap  resonator.  The  real 
and  imaginary  parts  of  and  ct  of  the  characteristic  frequencies  are 
normalized  to  the  center  frequency  o>q  of  the  operating  band. 

It  is  seen  that  all  of  the  main  resonator  modes  arc  stable  over 

I. 

I 

the  calculated  range  of  beam  voltages.  Mode  1  has  the  highest,  effec¬ 
tive  Q-factor.  'Ike  negative  beam  loading  of  this  mode  is  largest  at 
a  beam  voltage  of  approximately  70  kV.  The  stability  parameter  S  in 
this  case  is  equal  to  -2.1.  This  provides  sufficient  safety  against 

_  mo  _ 


oscillation. 


V. 


TVO-GAF  FILTER-LOADED  RESONATOR  COLD  TEST 


A.  Introduction 

Cold  testing  of  a  two-gap  ji-mode  extended-interaction  output 
resonator  with  single-section  filter  loading  has  been  carried  out  In 
parallel  with  the  theoretical  Investigation  of  the  characteriBt't  cs 
of  this  type  of  resonator  (See  Sections  II  and  IV).  The  results  have 
been  encouraging*  showing  the  possibility  of  obtaining  a  resonator 
impedance  similar  to  the  one  assumed  in  the  large-signal  efficiency 
calculations.  The  various  details  Of  the  selection  of  the  resonator 
parameters,  the  measurement  methods,  and  the  cold  test  results,  are 
described  below. 

B.  Resonator  Parameters 

A  drawing  of  the  cold-test  model  of  the  filter-loaded  output 
resonator  is  shown  in  Fig.  19.  In  view  of  the  results  of  the  large- 
signal  efficiency  calculations  reported  in  the  Third  Quarterly  Report, 
the  resonator  interacting  with  the  beam  was  chosen  to  be  a  two-gap 
structure  operating  in  the  n  mode  and  with  a  normalised  gap-to-gap 
spacing  of  2.2  radians  (normalized  at  5500  He  and  llO  kV).  Hie 
selected  filter  cavity  was  a  rectangular  cavity  integral  with  the 
output  waveguide  and  operating  in  the  TE^^,  mode.  Preliminary 
measurements  on  a  filter  cavity  of  approximately  the  correct  fre- 
*  quency  indicated  that  its  R/Q  would  be  close  to  190  ohms.  Previous 
cold  test  measurements  on  a  two-gap  resonator  like  the  one  used  had 
shown  that  its  R/Q  would  be  approximately  llO  ohms  (See  Section  III 
of  the  Third  Quarterly  Report).  To  provide  seme  guidelines  on  the 
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required  resonant  frequency  and  Q  of  the  filter  cavity  arid  the 
n-made  frequency  of  the  two -gup  resonator,  bifore  they  were  coupled 
together,  some  theoretical  calculations  of  the  resonator  impedance 
were  carried  out  using  thene  values  of  R/Q-  The  calculations  were 
baaed  on  the  same  two-meoh  equivalent  circuit  analysis  that  was 
used  In  earlier  computations  of  filter-loaded  resonator  impedance. 

One  acceptable  theoretical  impedance  curve  is  nhowu  in  Fig.  20. 
The  resonator  parameters  for  this  case  are  indicated  on  the  figure. 
Tiie  values  listed  there  were  used  as  approximate  goals  for  the  cold 
test  cavities.  It  should  be  noted  that  the  values  specified  for 
the  frequency,  Q,  and  R/q  of  each  cavity  refer  to  the  respective 
quantities  before  the  filter  cavity  is  coupled  to  the  resonator 
interacting  with  the  beam.  (The  Q  of  2000  given  for  the  two-gap 
resonator  is  not  critical,  since  the  Q  value  is  so  high.) 

The  actual,  parameters  achieved  In  the  cold  test  resonator 
prior  to  opening  the  coupling  iris  between  the  filter  cavity  and 
the  two-gup  resonator  are  listed  below.  (The  Q  value  listed  for 
the  filter  cavity  is  based  on  a  Q  definition  in  terms  of  half-power 
frequencies .  Tills  Is  consistent  with  the  definition  used  in  the 
two-mesh  equivalent  circuit  analysis.)  The  band-center  frequency 
goal  was  tot?00  Me. 


Filter  Cavity  Parameters 


Resonant  frequency 

R/Q 

Q 
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5720  Me 

195 

6 


Two- Gap  Re r. onator  Parameters 


n-mode  frequency  1929  Me 

n -mode  R/Q  149 

w-rnode  Q  3000 

2M-jiode  frequency  7t^0  Me 


A  comparison  between  these  parameters  and  those  listed  on 
Fly.  20  shows  that  the  two  sets  are  close,  but  do  not  agree  exactly. 
It  was  expected  that  some  further  adjustments  of  the  cold  test  cavi¬ 
ties  would  be  necessary  to  obtain  the  desired  impedance  characteris¬ 
tics. 

The  coupling  between  the  two-gap  resonator  and  the  filter 
cavity  (represented  by  the  parameter  L^/L^  in  the  equivalent  circuit) 
was  adjusted  experimentally .  This  was  done  by  gradually  increasing 
the  size  of  the  coupling  iris  in  steps  until  the  required  bandwidth 
was  obtained.  In  order  to  achieve  the  desired  variation  of  impedance 
with  frequency,  it  was  also  necessary  to  slightly  adjust  the  Q  and 
frequency  of  the  filter  cavity  from  the  values  listed  above.  The 
measurement  procedure  used  to  determine  the  resonator  interaction 
impedance  is  described  in  Part  C  of  this  section. 

The  final  results  obtained  with  this  cold-test  resonator  are 
c]_1  spl  aved  in  Fi£t  — vlic’re  the  relative  YG.riat.ion  o T  the  real  part 
of  the  interaction  impedance  is  plotted  us  a  function  of  frequency. 
This  impedance  curve  is  quite  close  to  the  one  assumed  in  the  large- 
signal  efficiency  calculations  (See  Fig.  4).  The  cold-test  curve 
could  be  further  modified  if  desired  by  making  additional  small 
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Fig.  21  -  Measured  variation  of  the  real  part  of  the  interaction 
of  the  cold-test  resonator  shown  in  Fig-  19- 


adjustments  in  the  resonator  psj  SEetcro.  II  overt' r ,  the  results 
presented  here  are  sufficient  to  show  the  feasibility  of  obtaining 
the  desired  output  resonator  impedance  curve  over  a  14  percent  band. 
Measurement  Methods 

The  basic  parameters  (r<  sonant  frequency,  Q,  R/Q)  Of  the  filter 
cavity  and  fie  two-gap  resonator  before  they  were  coupled  together 
vene  measured  using  conventional  cold  test  techniques.  (The  measure¬ 
ment  methods  normally  used  on  single-gap  resonators  can  also  be  used 
on  multi -gap  structures  providing  the  resonator  modes  are  veil  sepa¬ 
rated,  as  was  the  case  in  the  two-gap  resonator  under  consideration.) 
The  interaction  impedance  as  a  function  of  frequency  of  these  indi¬ 
vidual  resonators  can  be  calculated  from  the  measured  values  of  Q, 
R/Q,  and  resonant  frequency.  Conventional  cold  test  measurement 
techniques  are,  however,  not  applicable  to  the  overall,  filter-loaded 
resonator,  since  the  usual  concepts  of  resonant  frequency,  Q,  and 
r/o  have  no  meaning  in  thl p  type  of  structure.  Therefore,  a  new  cold 
test  method  had  to  be  developed. 

The  procedure  used  to  measure  the  interaction  impedance  of  the 

2 

filter-loaded  resonator  is  based  on  a  method  presented  by  E.  Lakits  , 
In  using  this  method,  an  rf  signal  was  fed  to  the  output  waveguide 
or  the  resonator  through  a  waveguide  slotted  section.  At  each  fre¬ 
quency,  the  interaction  gaps  of  the  resonator  were  perturbed  by 
inserting  a  small  quartz  rod  along  the  axis,  and  the  resulting  change 

^E.  Lakits,  "Measurement  of  the  Interaction  Impedance  of  a  Klystron 
Broadband  Coupling  Circuit,"  IRE  Wescon  Convention  Record,  Session 
27/2,  1961. 


in  the  reflection  coefficient  phase  angle  was  determined  by  a 
direct  measurement  of  the  shift  of  the  standing-wave  pattern.  LakitG 
has  shown  that  the  real  part  of  the  resonator  interaction  impedance 
is  proportional  to  the  change  in  the  reflection  coefficient  phase 
angle,  providing  the  resonator  is  nearly  lossless  and  the  perturba¬ 
tion  is  small.  (See  Appendix  A  for  a  correction  to  one  of  his 
equations  which,  however,  does  not  change  his  general  conclusions.) 
These  requirements  were  met  in  our  cold  test  resonator  by  making  it 
from  copper,  and  by  selecting  the  size  of  the  quartz  rod  so  the 
maximum  shift  in  the  standing-wave  pattern  was  small  compared  to  one- 
quarter  of  the  guide  wavelength.  As  a  check  on  our  application  of 
the  method,  the  relative  impedance  of  the  two-gap  resonator  (without 
the  filter  cavity)  was  measured  vs.  frequency  using  the  perturbation 
technique.  Tire  results  were  compared  with  the  impedance  variation 
calculated  from  measured  Q  values  of  the  resonator  (determined  from 
Q  circles).  This  was  done  for  two  different  values  of  Q.  In  both 
cases,  the  agreement  between  the  two  methods  was  excellent. 

Lakits  also  describes  a  method  for  determining  the  phase  angle 
of  the  resonator  impedance  but,  due  to  a  lack  01  time,  these  measure¬ 
ments  were  not  made.  For  the  same  reason,  no  attempt  was  made  to 
measure  the  absolute  value  of  the  interaction  impedance,  nor  was  a 
thorough  search  conducted  to  locate  any  higher-order  resonator  modes 
which  might  cause  instability  problems.  At  least  these  latter  two 
measurements  should  be  carried  out  before  the  resonator  could  be  con¬ 
fidently  built  into  a  tube. 
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VI. 


CONCLUSIONS  AND  KECOMMENDAHONS  FOR  FUTURE  WORK 


A.  Conclusions 

During  the  course  of  this  contract,  wi_  have  shown  the  feasibility 
of  obtaining  a  14  percent  1  db  bandwidth  from  a  C-bunA  klystron  ampli¬ 
fier  with  approximately  30  db  of  gain  and  with  a  predicted  efficiency 
in  the  range  of  ‘)0  percent.  The  study  lending  to  this  feasibility  con¬ 
clusion  was  conducted  analytically  through  the  combined  use  of  a  small- 
signal  computer  program,  described  in  the  First  Quarterly  Report,  and  a 
large-signal  computer  program,  described  in  the  First  and  Second  Quarterly 
Reports.  The  resonator  parameters  used  in  the  final  calculations  were 
bas^d  on  cold  test  measurements.  The  beam  parameters  assumed  in  the 
calculations  were  consistent  with  reasonable  gun  design. 

Our  study  has  shown  theo  the  best  way  to  achieve  the  bandwidth 
goal,  without  unduly  sacrificing  gain  or  efficiency  is  to  use  conven¬ 
tional.  single-gap  resonators  in  the  buncher  section  and  a  two-gap 
filter-loaded  extended-interaction  output  resonator.  The  only  element 
included  in  the  final  tube  model  which  is  not  usually  found  in  klys¬ 
tron  amplifiers  is  the  filter-loaded  extended-interaction  output 
resonator.  This  element  of  the  tube  was  kept  as  simple  s.s  possible, 
consistent  with  a  high  efficiency  level,  by  restricting  the  number  of 
gaps  in  the  extended-interaction  resonator  to  two,  and  the  number  of 
sections  in  the  filter  load  to  one.  Particular  emphasis  was  placed 
on  assuring  the  stability  of  this  resonator,  as  well  as  that  of  the 
entire  tube.  The  total  number  of  resonators  in  the  tube  was  limited 
to  se-.  en  to  keep  the  length  as  short  as  possible,  and  thus  keep  the 
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phaBe  pushing  factor  to  a  minimum  value.  Higher  gain  could  have  been 
reullzed  by  including  additional  resonators  in  the  buncher  section. 
Calculations  on  the  final  klystron  model  show  that  it  haB  good  phase 
ch  iraceri6tics. 

The  14  percent  1  db  bandwidth  value  represents,  at  least  a  'pO 
percent  improvement  over  the  current  state-of-the-art  at  the  mega¬ 
watt  peak  power  level  studied.  No  detailed  investigation  was  carried 
out  at  lower  peak  power  levels  nor  was  CW  operation  studied.  However, 
cold  test  results  indicate  that  in  both  cases  even  greater  bandwidth 
improvements  may  be  possible.  At  the  lower  beam  powers,  the  resonator 
drift-tube  diameter  would  be  smaller  (for  constant  normalized  diameter) 
yielding  a  more  favorable  resonator  geometry  and  a  consequent  increase 
in  the  R/Q. 

Calculations  of  the  average  power  dissipated  in  the  external  loads 
of  the  klystron  model  buncher  resonators  showed  that  the  maximum  dissi¬ 
pation  vouli  be  less  than  one  kilowatt  when  the  tube  is  operating  at 
an  average  output  power  level  of  70  kilowatts.  The  limiting  factor 
in  the  average  rf  power  output  of  the  tube  would  be  the  heat  dissipa¬ 
tion  characteristics  of  the  drift  tube  section  in  the  extended-inter¬ 
action  outpul  resonator.  However,  this  should  present  no  serious 
problems,  since  the  cold-test  resonator  design  was  similar  to  the  de¬ 
sign  of  the  Eimac  X-3030  output  resonator,  a  four-gap  resonator  which 
has  operated  at  a  CW  output  power  level  of  5QO  kilowatts  at  X-band. 

B.  RecoramendatlcrE  for  Future  Work 

From  the  results  of  this  study,  we  have  concluded  that  a 
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filter-loaded  two-gap  s-mode  output  resonator  is  the  test  choice 
for  obtaining  a  vide  bandwidth  at  a  high  efficiency  level.  The  cold 
testing  of  this  type  of  resonator  should  be  continued.  Hie  present 
cold  test  method  should  be  extended,  or  a  nev  method  developed,  by 
which  the  absolute  magnitude  of  the  resonator  interaction  impedance 
can  be  determined.  In  addition,  a  thorough  search  should  be  made 
for  higher  order  modes  which  might  cause  oscillation  problems. 

Extended-interaction  resonators  with  mode  overlapping  should  be 
studied.  It  was  stated  earlier  in  this  report  that  conventional 
single-gap  resonators  are  to  he  preferred  over  extended-interaction 
resonators  in  the  klystron  buncher  section  at  the  power  level  and 
frequency  considered  in  this  study.  However,  because  of  limitations 
in  the  existing  theory,  the  investigation  of  extended-interaction 
resonators  in  this  contract  was  limited  to  single-mode  resonators. 

The  theoretical  analysis  assumed  that  only  one  resonator  mode  is 
excited  at  a  time.  Hie  cold-test  resonators  were  deliberately  con¬ 
structed  to  have  a  large  frequency  separation  between  the  two  modes, 
thus  assuring  a  minimum  excitation  of  the  non-operating  mode.  But 
the  results  reported  in  Section  Ili-C  of  the  First  Quarterly  Report 
indicated  that  there  is  always  an  appreciable  excitation  of  the  neigh¬ 
boring  mode  in  a  two-gap  resonator  even  though  the  frequency  separa¬ 
tion  between  the  modes  is  large.  It  follows  that  the  simultaneous 
excitation  of  more  than  one  mode  will  always  be  present  to  some  extent 
in  extended-interaction  resonators  and  may  play  an  Important  part  in 
their  behavior.  It  is  therefore  important  that  the  effect  of  mode 
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ov  rlapping  be  studied.  It  is  possible  that  full  use  Is  not  being 
made  of  extended-interaction  resonators  unless  significant  mode  over¬ 
lapping  is  allowed.  We  feel  that  the  optimum  degree  of  mode  overlapping 
and  the  selection  of  optimum  resonator  design  parameters  should  be 
determined  by  further  analysis. 

Since  multi -mode  operation  of  extended-interaction  resonators 
has  not  been  studied,  all  the  possible  benefits  of  this  type  of  opera¬ 
tion  are  not  known.  However,  one  beneficial  result  is  immediately 
evident  from  the  cold  test  measurements  made  in  this  contract:  as 
the  frequency  separation  between  the  resonator  modes  is  decreased, 
yielding  a  greater  amount  of  mode  overlapping,  t.he  resonator  R/O.  in 
the  «  mode  Increases,  (it -mode  resonators  are  shown  to  be  the  beBt 
choice  for  both  the  buncher  section  and  the  output  resonator  in  this 
study.)  An  expected  benefit  of  utilizing  more  than  one  resonator  mode 
is  the  achievement  of  the  higher  interaction  impedance  over  a  greater 
bandwidth.  If  this  can  be  done,  it  is  possible  that  the  performance 
of  a  filter-loaded  single-mode  resonator  can  be  matched  or  even  ex¬ 
ceeded  by  a  multi -mode  resonator  without  a  filter  load.  The  elimina¬ 
tion  of  the  filter  cavity  would  greatly  simplify  the  design  of  the 
output  resonator. 
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Equivalent  cavity  capacitance 
Gap  length 

Unit  vector  for  the  filter  cavity  of  Fig.  17', 
deiined  by  E,j.  (19) 

x-mode  unit  vector,  defined  by  Eq.  (17) 

2x-modo  unit  vector,  defined  by  Eq.  (l8) 

Circuit  conductance 
Beum-loading  conductance 

KF  currents  circulating  in  the  cavities  of  a  filter- 
loaded  resonator,  defined  in  Fig.  17 

(Section  IV)  Induced  rf  currents  in  the  gaps  of  a 
filter- loaded  resonator,  defined  in  Fig.  1? 

(Sections  II,  III)  Fundamental  rf  beam  current 

Complex  current  amplitudes  of  the  x  mode  and  2n  mode 

Induced  rf  current  column  vector,  defined  by  Eq.  (lO.' 

DC  beam  current 

Induced  rf  gap  current 

Axial  length 

Equivalent  cavity  inductance 


Lq  Equivalent  coupling  inductance  in  a  filter-loaded 

resonator  (two-mesh  circuit.  Fig.  7,  Second  Quarterly 
Report ) 

L  ^  Equivalent  coupling  inductance  between  the  cavities 

of  an  extended-interaction  resonator,  defined  in  Fig.  17 

L  Equivalent  coupling  inductance  between  the  filter  cavity 

and  the  two-gap  resonator,  defined  in  Fig.  17 
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Resonator  number 
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Spacing  between  the  enters  of  the  gaps  In  an 
extended-interaction  resonator 

Power  dissipated  in  a  resonator  load 

Total  loaded  Q  (also  called  Q^) 

Beam-1  oaded  Q 

External  Q 

Equivalent  cavity  resistance 

Resonator  Impedance  quality  factor 

Stability  parameter,  defined  by  Eq.  (26) 

Column  vector,  defined  by  Eq.  (^>9)  of  the  First 
Quarterly  Report 

DC  beam  velocity 

HF  kinetic  voltage 

HI’  gap  voltage 

RF  gap  voltage  column  vector 
DC  beam  vcltage 

Induced  rf  gap  voltages  in  a  filter-loaded  resonator, 
defined  in  Fig.  17 

Complex  voltage  amplitudes  of  the  n  mode  and  2x  mode 
Normalized  axial  distance  (y  =  ?gz) 

Transfer  admittance  between  two  resonator  gaps 
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Electronic  admittance  (beam-loading  admittance) 
Electronic  admittance  matrix 
Axial  coordinate 

Resonator  shunt  impedance  (interaction  impedance) 


Ratio  of  tlic  tic  boon  voltage  to  the  dc  beam  current 

Interaction  impedance  of  filter-loaded  resonator  as 
found  from  the  two-mesh  circuit  (Fig.  7,  Second 
Quarterly  Report) 

Circuit  impedance  matrix 

jr-mode  interaction  impedance,  defined  by  Eq.  (20) 

Normalized  rf  gap  voltage  magnitude  (a  -  j V | / VQ ) 

Propagation  factor  associated  with  the  dc  beam 
velocity  (Pe  =  ai/u  ) 

Plasma  propagation  factor  (6  *  to  /u  ) 

*  q  q'  o 7 

Column  vector  defined  by  Eq.  (60)  of  the  First  Qr^rterly 
Report 

Klystron  conversion  efficiency 

(Sections  II,  III)  Phase  of  the  rf  gap  voltage 

(Section  IV)  Imaginary  part  of  the  complex  frequency 

Resonator  Impedance  phase  angle 

Angular  frequency 

Real  part  of  the  complex  frequency 

Angular  resonant  frequency  of  the  nth  resonator 

Angular  frequency  at  the  center  of  the  band 


Reduced  angular  plasma  frequency 


APPENDIX  A 


DERIVATION  OF  A  CORRECTED  EQUATION  USED  IN  THE 
CVLD  TEST  PROCEDURE  TOR  PI LTER- LOADED  RESONATORS 

The  procedure  uocd  in  this  contract  to  determine  the  interaction  impi  J- 
once  of  filter-loaded  resonators  it  based  on  a  method  suggested  by  E.  Lukl  ts‘" . 
In  his  method,  an  rf  signal  is  fed  to  the  output  port  of  the  resonator 
through  a  slotted  section  of  the  transmission  line  or  waveguide,  The  change 
in  the  phase  of  the  reflection  coefficient  looking  into  the  output  port  is 
measured  when  the  interaction  gap(s)  of  the  resonator  is  perturbed.  The 
last  equution  in  the  second  section  of  Lakits1  paper  shows  that  this  change 
in  the  reflection  coefficient  phase  angle  is  proportional  to  the  real  part 
of  the  resonator  interaction  impedance,  providing  the  resonator  is  nearly 
lossless  and  the  perturbati on  is  small.  However,  there  appears  to  he  an 
error  in  the  proportionality  and,  in  addition,  this  equation  does  not  follow 
from  his  preceding  equations.  The  equation  under  discussion  is 

=  a  Ay  (A-l) 


vhc  re 

0  =  reflection  coefficient  phase  angle 

<2  =  real  part  of  the  resonator  interaction  impedance 

Y  =  equivalent  admittance  of  the  interaction  gap(s) 


E.  Lakits,  "Measurement  of  the  Interaction  Impedance  of  a  Klystron  Broad¬ 
band  Coupling  Circuit,"  IRE  Woscon  Convention  Record,  Session  27/2,  19  ul. 
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A  corrected  version  of  this  equation,  whicn  is  also  consistent  with 
the  earlier  equations  of  the  second  section  of  Lakite'  paper,  is  derived 
below. 

The  definition  of  the  reflection  coefficient  p  can  be  written  in  the 

form 
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where 


.  Y  =  l/z  =  admittance  of  the  transmission  line 

o  o 

'’"l  =  =  admi't'tancc  of  the  load 

Usually,  Yq  is  real  and  Y^  is  complex.  That  is, 
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In  which  case 
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In  Laklts'  paper,  all  admittances  are  normalized  to  the  admittance  of 
the  transmission  line.  Also,  the  load  admittance  Yr  is  the  admittance  look- 
inp;  into  the  output  port  of  the  resonator  and  is  denoted  by  Y  .  Since  the 
resonator  is  assumed  to  be  lossless,  YQ  is  purely  reactive.  It  follows  that 
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Substituting  these  last  two  equations  into  Eq.  (A-l»),  we  obtain 
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(A-7) 


The  rate  of  change  of  0  with  respect  to  Yg  may  be  found  by 
differentiating  Eq.  (A-7).  Provided  the  perturbation  causing  the 
change  in  Y^  is  small,  we  find 
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In  LaULts’  notation,  Y0  =  c/d,  Ay^  =  Ay/d2,  a  =  l/^-C2),  where 
C  and  D  are  elements  of  a  matrix  relating  the  rf  voltage  and  current 
at  the  interaction  gap(s)  to  the  voltage  and  current  at  the  resonator 
output  port.  Using  this  notation,  Eq.  (A-8)  becomes 
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or 
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Eq,  (A~10)  is  the  corrected  Eq.  (A-l).  If  the  perturbation  of 
the  interaction  gap(s)  1b  purely  reactive,  Ay  iB  imaginary  and  there¬ 
fore  20  is  real. 
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APPEKDIX  B 


SUPPLEMENT  TO  REPORT  HO.  EC0M-01362-4 
KEY  TECHNICAL  PERSONNEL 

Following  are  the  key  technical  personnel  who  worked,  on  Contract 
IlA  28-043  AMC-01362(E)  during  the  final  period  of  the  program,  Also 
listed  are  the  hours  charged  to  the  Job  by  each  individual. 

Erling  Lien 

Sr.  Staff  Research  Scientist  237  hours 

J.  Darrell  Robinson 

Sr.  Development  Engineer  819  hours 

Marta  Perry 

Mathematician  108  hours 


PUBLICATIONS,  REPORiS,  LECTURES,  AND  CONFERENCES 

There  were  no  publications  or  reports  published,  or  lectures  presented 
in  connection  with  the  research  performed  under  this  contract  during  the 
period  covered  by  this  report. 

There  was  one  conference  during  thiB  period.  It  was  held  at  Eimac 
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Electronics  Command.,  and  Bill  Luebke,  Erling  Lien,  and  Darrell  Robinson 
from  the  High  Power  Microwave  Tube  Laboratory. 

Progreos  on  this  contract  during  the  third  quarter  was  outlined  and 
discussed.  In  addition,  some  of  the  preliminary  results  of  the  efficiency 
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calculations  across  the  band  with  a  filter-loaded  output  resonator  tore 
presented.  It  was  agreed  that  further  study  should  be  given  this  type  of 
resonator  both  theoretically  and  in  cold  test.  The  theoretical  study  was 
to  include  an  investigation  of  the  stability  of  the  resonator.  It  was 
also  agreed  that  the  small- si gnr  ^ain  response  of  the  buncher  section 
should  be  reconqmted  using  the  latest  cold  test  values  of  r/q,  for  the 
resonators. 
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13. abstract  The  objective  of  this  program  has  been  to  investigate  rf  interaction  cir¬ 
cuits  and  stagger-tuning  techniques  leading  to  at  least  a  fifty  percent  improvement 
in  the  1  db  bandwidth  of  high-power  Klystrons  over  the  current  state-of-the-art. 

In  this  report,  the  findings  of  the  final  phase  of  this  contract  arc  presented. 
The  major  part  of  the  effort  during  tills  final  reporting  period  included:  the  com¬ 
pletion  of  large-signa]  efficiency  calculations  across  the  band  assuming  a  filter- 
loaded  output  resonator,  the  final  theoretical  design  of  the  buncher  section,  theo¬ 
retical  stability  calculations  on  the  filter-loaded  output  resonator,  and  cold  test 
(measurements  on  a  filter-loaded  extended-interaction  resonator. 

The  measured  interaction  impedance  obtained  with  the  cold- test  filter-loaded 
output  resonator  closely  approximated  the  impedance  assumed  in  the  theoretical  effi¬ 
ciency  calculations.  The  final  buncher  section,  designed  with  the  aid  of  the  small- 
signal  computer  program,  yielded  a  nearly  constant  rf  drive  current  to  the  output 
resonator,  as  was  assumed  in  the  large-signal  efficiency  calculations.  The  small- 
signal  analysis  indicated  that  conventional  single-gap  resonators  are  to  be  preferred 
over  extended-interaction  resonators  in  the  klystron  bunche/  section  at  the  high 
(power  level  considered  in  this  study. 

The  combined  results  of  the  small-signal  analyses,  the  large-signal  analyses, 
and  the  cold  test  measurements  carried  out  during  this  contract  show  the  feasibility 
of  building  a  9  megawatt  peak-power  C-band  klystron  amplifier  with  a  14  percent  1  db 
(bandwidth,  with  a  predicted,  gain  of  more  than  30  db.  The  only  element  of  the  finul 
klystron  model  which  is  not  conventionally  found  in  klystron  amplifiers  is  the  filtej- 
[loaded  two-gap  extended-interaction  output  resonator. 
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